Abstract: The kinetics of free-radical copolymerization and terpolymerization of acrylamide (AAm), N; N 0 -methylenebis(acrylamide) (MBA) and methacrylic acid (MA) in the inverse water/monomer/cyclohexane/Tween 85 miniemulsion was investigated. Polymerizable sterically-stable miniemulsions were formulated in cyclohexane as a continuous medium. Polymerizations are very fast and reach the nal conversion within several minutes. The dependence of the polymerization rate vs. conversion is described by a curve with two nonstationary rate intervals. The maximum rate of polymerization slightly increases with increasing concentration of crosslinking monomer (MBA) and strongly decreases by the addition of MA. The rate of polymerization is inversely proportional to the 0.9 th and 1.8 th power of the particle concentration without and with MA, respectively. The number of polymer particles is inversely proportional to the 0.18 th and 0.13 th power of MBA concentration. The kinetic and colloidal parameters of the miniemulsion polymerization are discussed in terms of microemulsion polymerization model.
Introduction
Most of the direct miniemulsions are kinetically stable, but under ideal conditions thermodynamically stable miniemulsions can be prepared. The inclusion of a small amount of coemulsi¯er or hydrophobe (ca. 1{10 wt%) can e®ectively retard the di®usional degradation of droplets and maintain the small droplet size. Miniemulsion is de¯ned as an aqueous dispersion of emulsi¯er stabilized monomer droplets within a size range of 50 { 500 nm prepared by shearing a system containing oil, water, emulsi¯er and hydrophobe [1] . In the sense of the classical micellar and homogeneous nucleation models [2, 3] , polymerization resulting exclusively from monomer droplet nucleation would have no Interval 2, in which a constant monomer concentration in the reaction loci is generally observed. These monomer droplets might have higher radical numbers than monomer-swollen micelles. This is the reason why the polymerization kinetics would be governed by the pseudo-bulk kinetics rather than the Smith-Ewart zero-one kinetics. In the miniemulsion polymerization, radicals enter the droplets and initiate polymerization of the monomer inside them. The polymerization system under such conditions, especially with large minidroplets, might be regulated by the solution kinetics with participation of the gel e®ect. The course of miniemulsion polymerization of styrene was divided into four major regions according to the maxima and minima observed in the polymerization rate (R p ) versus conversion curves (i.e., R p¯r st rises to a maximum, falls o® and experiences an instability, increases to a maximum again, and¯nally decreases rapidly toward the end of polymerization [1] ). The¯rst maximal R p is attributed to the formation and growth of polymer particles and the second one to the gel e®ect.
The inverse microemulsion and emulsion polymerization processes (water-in-oil systems, w/o) are well known. The kinetics and mechanism of the inverse microemulsion polymerization are especially well understood [4] . This is not true for the inverse miniemulsion polymerization where few data on polymerization kinetics are available. The¯rst study (to our best knowledge) devoted to the inverse miniemulsion polymerization was published by Landfester et al. [5] . The authors reported that the addition of lipophobe to the inverse miniemulsion led to the long term stability against Ostwald ripening. Relatively small and narrow distributed latexes in a size between 50 < D < 200 nm were made of water-soluble monomers such as acrylamide and acrylic acid. Nonionic amphiphilic block copolymers with poly(ethylene-co-butene) tails were found to be the most e®ective stabilizer of studied inverse system.
As an extension of our previous works [6, 7] , we attempted to study the inverse miniemulsion copolymerization and terpolymerization of acrylamide (AAm), N; N 0 -methylenebisacrylamide (MBA) and methacrylic acid (MA). In this connection, there is no kinetic data on the inverse miniemulsion polymerization. This is why we intend to study the kinetics of polymerization of water-soluble monomers. For example, from the shapes of conversion and rate vs. conversion curves we can get information about the history of particle nucleation, the number of rate intervals and the nature of reaction mechanism. The miniemulsion polymerization of styrene is accompanied by the four rate intervals due to the strong particle nucleation at low conversion and the onset of gel e®ect at high conversion [8] . The two-rate intervals are not observed in the miniemulsion polymerization of alkyl methacrylates [9] . The gel e®ect is attributed to the viscosity of the reaction medium or the molecular weight of polymer [10] . The inverse miniemulsion polymerization of water-soluble monomers such as AAm produces very large polymers due to which the gel e®ect should be shifted to much lower conversion and the two rate intervals should appear. The role of the crosslinker (MBA) is very complex and the purpose is to follow the e®ects of the interparticle crosslinking, the transfer of reaction loci from the particle core to the particle surface, the increased molecular weight of polymer, and the decreased solubility in water, etc. on the kinetic and colloidal parameters. The partitioning of MA between water and cyclohexane phases creates the reaction conditions for the transfer of reaction loci from particles to the continuous phase and the molecular di®usion of monomers via the continuous phase. The presence of MA in the continuous phase induces the solution polymerization, the exit and re-entry of radicals, and the Ostwald ripening. The molar concentration of reactants and the rate of polymerization are referred to the aqueous phase. The homogenized (miniemulsion) inverse dispersions were prepared by the homogenizer Ultra Turrax, IKA Works, USA. The monomer conversion was determined by the dilatometric and gravimetric methods. The contraction factor (CF) for monomer(s) was estimated by the simple simulation of gravimetric and dilatometric conversion data. The values of contraction factor (CF) for the studied comonomer and termonomer systems are shown in Tables 1 and 2 . The¯nal polymer products were deprived of unreacted monomer(s) and emulsi¯er by precipitation, washing with ethanol and dialysis. The swelling index, Q, expressing the number of grams of water absorbed by one gram of copolymer, was estimated from the weight of absorbed water during swelling of the dry copolymer in water for 24 h at room temperature. The particle size was determined by the light scattering method. The polymerization technique, the preparation of polymer latex for size measurements, and the estimation of particle numbers were the same as described earlier [11, 12] . The miniemulsion prepared was used for Ostwald ripening measurements. The average monomer droplet size of diluted miniemulsion as a function of aging time was determined by the dynamic light scattering method. The colloidal stability of the (non-diluted) miniemulsion product was monitored by placing about 100 mL sample in a glass vial at 25 o C. The position of the creaming line from the bottom of the sample or the time necessary for a visible water phase to appear was then recorded.
Results and Discussion

The phase behavior and monomer droplet degradation
The AAm/MBA/water/Tween 85 miniemulsion is stable during the time necessary to obtain the total¯nal conversion (see Fig. 1 ). There was no indication of phase separation after 4 days aging at room temperature. The droplet size does not change during 24 h (198 nm) and slightly increases to 220 nm after storing for 4 days at room temperature. The AAm/MBA/water/MA/Tween 85 miniemulsion does not show any phase separation during 2 h aging (see recipe in Table 1 ). The onset of phase separation (the appearance of water phase at the bottom) was observed after ca. 6 h. The initial particle diameter of 190 nm continuously increases to 283 nm at 6 h and then the phase separation occurs. 
Polymerization rate
The variations of conversion-time data with N; N ' -methylenebis(acrylamide) (MBA) concentration in the inverse miniemulsion copolymerization of acrylamide (AAm) initiated by APS are shown in Fig. 1 . The conversion curves become concave downward at medium conversion. The polymerization becomes much slower at ca. 80{90% conversion due to the low monomer concentration at the reaction loci caused by the partial consumption of monomer and developing of the polymer network matrix (restricted penetration of monomer to the growing radical). Final conversions were in the range of 95{98 %. Under the present reaction conditions, the polymer dispersions were stable without any traces of coagulum.
Variations of the rate of polymerization with MBA concentration and conversion are illustrated in Fig. 2 . The dependence of the rate of polymerization vs. conversion is described by a curve with the two rate intervals. The three rate intervals (with Interval 2 -typical for the classical emulsion polymerization) appear in the run with the smallest amount of MBA. The short constant rate interval is the result of the balance between the two opposing contributions: the rate of particle formation and the rate of monomer consumption. The rate of polymerization (R p ) at¯rst abruptly increases to the maximum (R p;max ) and then slowly decreases up to the¯nal conversion. The molecular weight of PAAm formed after the start of polymerization is very high (M w is ca. 10 6 ) due to abrupt increases in the viscosity of the reaction medium and the contribution of restricted termination (the gel e®ect). The viscosity of the reaction medium and the gel e®ect are more pronounced by the addition of a small amount MBA (0.0186 mol.dm ¡3 ) due to the increase in the molecular weight. The slight rate shoulder at conversion ca. 50{60 % conversion can be attributed to the second particle nucleation. The continuous shrinking of particle size is accompanied by the release of emulsi¯er to the continuous phase, which then becomes available for the stabilization of new particles.
The maximum rate of polymerization is located at ca. 20{30% conversion and it slightly increases with increasing concentration of crosslinker (MBA) (Fig. 3, curve (1 [14] . The addition of MBA to the AAm microemulsion strongly decreased the overall rate of AAm polymerization [15] . The decrease in the rate is attributed to the shift of the reaction loci from the core to the surface of the polymer particle [16, 17] . After the start of polymerization, the whole microdroplet transforms to one microgel and the polymerization takes place in the continuous phase and on the particle surface. The miniemulsion droplet is much larger than the microdroplet and therefore the whole minidroplet can not be transformed to one big crosslinked particle after the start of polymerization. The low degree of radical compartmentalization or the biradical termination governs the polymerization. Under such reaction conditions, the microgels are formed after the start of polymerization and their number increases in the minidroplet with increasing conversion. The coexistence of free monomer with microgels keeps the fast polymerization up to high conversion. The transformation of microgel/monomer regime to macrogel leads to the strong decrease in the polymerization rate, and the onset of the macrogelation is a function of the crosslinker concentration [18, 19] . The slight variation in R p;max is the result of the complex relationships among the gel e®ect, the degree of crosslinking and the monomer concentration. The values of swelling index, Q, (Table 1) indicate that the monomer concentration at the reaction loci decreases as a result of increasing the level of MBA units in the polymer matrix. The addition of methacrylic acid (MA) to AAm/MBA changes the shape of conversion curves and prolongs the nucleation period and the reaction time to obtain the¯nal conversion (Fig. 4) . The shape of conversion curve similar to S -shape points out the possible contribution of stationary state process.
From the kinetic point of view, the prolonged particle nucleation and polymerization time can be discussed in terms of the lower reactivity of MA (k p = 7 x 10 3 dm 3 .mol ¡1 .s
¡1
[20]) compared to AAm (1.8 x 10 4 dm 3 .mol ¡1 .s ¡1 ) and MBA. The partitioning coe±cient (water/oil) for the MA is 0.175 [21] , which indicates that a large fraction of MA is dissolved in cyclohexane. The solubility of AAm in water is 215.5 g (100 mL) ¡1 , and in benzene it is 0.346 g (100 mL) ¡1 at 30 o C [22] . AAm is predominantly located in the water pools while MA distributes between the water pools and the continuous oil phase. [ The transfer rate of AAm into the cyclohexane phase is also increased by the presence of MA [23] . The slow solution copolymerization of MA in the continuous cyclohexane phase contributes the decrease in the overall rate of polymerization.
The dependence of the rate of polymerization vs. conversion is described by a curve with the two rate intervals. The three-rate intervals (with Interval 2) seem to appear in the run with the lowest MBA concentration (Fig. 5, curve 1) . The maximum rate of polymerization is located at ca. 30 { 40 % conversion, and increases with increasing concentration of crosslinking monomer (MBA) (Fig. 3, curve 2, Fig. 5 and Table 2 )
The maximal rate is shifted to higher conversion compared to the system without MA. Furthermore, the increase in the polymerization rate is more pronounced compared to the system without MA. The shift of R p:max to the higher conversion can be attributed to the prolonged particle nucleation caused by the increased solution polymerization. Tables 1  and 2 , and Fig. 3 show that the addition of MA decreases the maximal rate of polymerization. The lower reactivity of MA (compared to AAm), the e®ective partitioning of MA between water and oil phase and the solution polymerization in the continuous phase are supposed to be responsible for the decrease in the overall rate of polymerization. The water-soluble peroxodisulfate (APS) initiator decomposes in water and its hydrophilic radicals start the polymerization in the water pools. The hydrophilic APS radicals cannot initiate the polymerization in the cyclohexane phase. The solution copolymerization of MA can be initiated by the monomeric MA radicals desorbed from particles. The AAm monomeric radicals are not ruled out. The decomposition rate of APS increases with decreasing pH and is very high at the acid medium (pH ca. 3) [24] . In the presence of a large amount of MA (pH ca. 2{3), the rate of initiation and polymerization are also very high. This accelerating pH e®ect is, however, suppressed by the participating of MA in copolymerization events as it was already discussed. Table 2 Variation of kinetic and colloidal parameters and the contraction factor (CF) in the miniemulsion copolymerization of AAm and MA with the MBA concentration. a) . a) Recipe: 100 g cyclohexane, 35 g water, 5 g AAm, 15 g Tween 85, 0.104 g APS, 60
o C. b) zero aging time, c) 4 months aging. Final conversion ca. 92%{98%. Tables 1 and 2 and Fig. 6 show the variation of the average particle size and number with the concentration of MBA with and without MA. In both systems (with and without MA) the particle size increases slightly with the MBA concentration: In the emulsion polymerization of styrene or alkyl acrylates the interparticle (interchain) crosslinking strongly increases the particle agglomeration and the formation of large particles or agglomerates [6, 7] . This was attributed to the reaction of growing radicals with unsaturated groups located on the surfaces of di®erent particles. The slight e®ect of [MBA] (crosslinking) on the particle size in the inverse miniemulsion polymerization can be explained by the predominant location of crosslinker in the aqueous pools and the presence of the thick interfacial layer formed by the nonionic emulsi¯er [25] . The thick interfacial layer forms a barrier for reactants (radicals and additives) entering the polymer particles. The nucleation of smaller aqueous droplets leads to the¯ner polymer dispersion formation (without MA, D = 210 nm, run in Table 1 ). The coarser dispersion containing MA can result from the nucleation of somewhat larger monomer droplets (D = 250 nm, run 1 in Table 2 ). Furthermore, the increased monomer droplet degradation caused by the presence of MA creates larger monomer droplets available for the nucleation. The large partitioning coe±cient for MA favors the molecular di®usion via the continuous oil phase and the Ostwald ripening [26] . Ostwald ripening measurements show that the miniemulsions containing MA are less stable than those without MA. The increased degradation of monomer droplets (with MA) increases the di®usion of monomer from the monomer droplets to the continuous phase and as a result the rate of solution polymerization.
Colloidal parameters
The number of polymer particles slightly decreases with increasing MBA concentration ( [emulsi¯er] 0:6 ) concentration is nearly independent of slightly increases with increasing monomer concentration. The role of MBA and MA monomers in the particle nucleation and stabilization is very complex. MA can take part in the formation of surface-active copolymer. The interparticle crosslinking (MBA) induces the particle agglomeration and the formation of larger particles. MBA is more hydrophobic than AAm and therefore is concentrated at the interfacial layer. In the microemulson model [13, 27] , the rate of polymerization is inversely proportional to the emulsi¯er or particle concentration (R p / [emulsi¯er] x·¡0:5 ). The higher the emulsi¯er concentration the higher the monomer dilution caused by the emulsi¯er or its chains. The participation of emulsi¯er on the chain transfer reaction and the desorption of transferred radicals contribute to the further decrease in the polymerization rate. Tables 1 and 2 show that the rate of polymerization strongly decreases with increasing particle concentration: The inverse proportionality between the rate of polymerization and the particle concentration favors the microemulsion polymerization mechanism. The larger the number of particles the lower the monomer concentration at the reaction loci. The larger the (Table 1) , (¤,¯): with MA (Table 2 ). monomer concentration (or the bigger the monomer droplets) the faster the polymerization.
The whole particle growth mechanism includes the interparticle crosslinking. From the foregoing discussion it appears that the interparticle crosslinking is not dominant for the particle growth. The entanglement of polymer chains leads to the decreased termination and the appearance of gel e®ect (at the start of polymerization). The decreased termination increases the number of radicals per particle (pseudo-bulk kinetics) and the rate of polymerization (the extent of gel e®ect at ca. 20 % conversion). The larger the polymer particle the larger the number of growing radicals, and therefore the polymerization is faster. The immobilization of radicals within the polymer network is understood as the unimolecular termination of radicals (at high conversion).
The miniemulsion polymerizations prepare the stable polymer dispersions which, when reaching the¯nal conversion, do not contain any coagulum. The particle size measurements show that the particle size increases with aging. The collisions of polymer particles themselves leads to the formation of larger agglomerates. The presence of unsaturated groups and occluded radicals can favor this process.
Conclusions
The free-radical polymerization and copolymerization of acrylamide (AAm), N; N 0 -methylenebis(acrylamide) (MBA) and methacrylic acid (MA) in inverse miniemulsion (water/cyclohexane/Tween 85) are very fast. The dependence of the polymerization rate vs. conversion is described by a curve with two nonstationary rate intervals. The appearance of maximal rate at low conversion is attributed to the gel e®ect and the robust particle nucleation. The former is more pronounced in the system without MA while the latter is more pronounced in the system with MA. The maximal rate of polymerization increases with increasing concentration of crosslinker agent (MBA) in both systems with and without MA. The strong decrease in the polymerization rate by the addition of MA is discussed in terms of the increased solution polymerization, the increased rate of radical desorption, and the increased biradical termination.
